We proposed spectroscopic ellipsometry employing dual-optical-comb spectroscopy. We demonstrated the ellipsometric evaluation of a high-order quarter waveplate and a SiO 2 thin film standard with the spectral resolution of 48 MHz.
Introduction
Dual-optical-comb spectroscopy (DCS) is now promising technique for ultra-precise, accurate, and broadband spectroscopy [1] . DCS employs two optical-comb lasers having slightly different repetition rate, allowing the acquisition of a complete interferogram with ultra-wide time span without mechanical scanning for deducing the highly resolved optical spectrum. Furthermore, the optical-comb laser is quite stable owing to the stabilization of the repetition rate and carrier envelope offset, and the wavelength of each comb can be determined accurately. Although the DCS is based on Fourier transform spectroscopy, which gives us the amplitude and phase spectra by directly recovering from the interferogram of two optical-comb lasers, the conventional applications of the DCS in material science is mainly focused on the amplitude spectrum. Utilization of both amplitude and phase spectra must have potential applications for more detailed analysis of materials.
For the establishment of material analysis utilizing the amplitude and phase spectra obtained by DCS, we proposed a spectroscopic ellipsometry employing DCS, dual-optical-comb spectroscopic ellipsometry (DCSE). The ellipsometry is a well-established method that analyses polarization state of light interacted with materials [2] . Ellipsometry observes the complex reflectance (or transmittance) ratio ρ, ,
where Ψ and Δ respectively denote the amplitude ratio and the phase difference between s and p components of the polarization state of incident light, the so-called ellipsometric parameters. In the general ellipsometry, the ellipsometric parameters are obtained from the optical intensity that is resulted in the modulation of polarization state of light interacting with target materials. Spectral resolution and accuracy of the conventional ellipsometry are limited to a few tens of GHz due to the resolution limit of spectrometers. Fortunately, the DCS can directly obtain amplitude and phase of light with ultra-high spectral resolution and accuracy (a few tens of MHz), and has no-need of time-consuming manipulation of polarization state. In this study, we sought to provide a proof-of-principle demonstration of the DCSE for a material evaluation. We developed a DCSE system by using two optical-comb lasers employing erbium-based mode-locked fiber lasers. A high-order quarter waveplate and a SiO 2 thin film standard were successfully examined by using the developed DCSE.
Optical setup of DCSE
The optical setup of our DCSE system is shown in Fig. 1 , of which the laser sources and the synchronization system were described in the previous study [3] . Two mode-locked erbium-doped fiber optical-comb lasers (Center wavelength, 1550 nm; Repetition rate, 48 MHz; Repetition rate difference between two optical-comb lasers, 21 Hz) were used as light sources (signal comb and local comb) for the DCSE. The two optical-comb lasers were synchronized via a well-stabilized continuous wave laser. The polarization states of the two optical-comb lasers were set at linear polarization with 45 degrees in angle. The signal comb was made incident on the sample, and was spatio-temporally overlapped with the local comb by using a beam splitter. The interferograms of the p and s polarization components of the optical-comb lasers were individually detected by using a polarization beam splitter and photo-detectors. The interferograms were processed with a computer by fast Fourier transformation to reconstruct the amplitude and phase spectra. The ellipsometric spectra of Ψ and Δ were directly calculated with the amplitude and phase spectra.
978-1-943580-11-8/16/$31.00 ©2016 Optical Society of America Fig. 1 Optical setup of DCSE. CW-laser, continuous wave laser locked to a stabilized cavity; λ/4, quarter -wave plate; λ/2, half-wave plate; P, polarizer; BS, beam splitter; PBS, polarization beam splitter; and D1 and D2, photo-detectors.
Result
DCSE evaluation of high-order quarter waveplate was shown in Fig. 2 . The waveplate was designed as 30th-order quarter waveplate for 633 nm, and was evaluated at around 1550 nm region in this study. Highly resolved optical spectra with the spectral resolution of 48 MHz and the spectral bandwidth of about 5 THz was obtained by the fast Fourier transformation of the interferograms as shown in Fig. 2a . The precise wavelength dependency of the ellipsometric parameters Ψ and Δ were successfully obtained by the direct calculation of the amplitude ratio and the phase difference observed in p and s polarization as shown in Fig. 2b and c. DCSE evaluation of the SiO 2 thin film standard at 193.84666 THz is shown in Fig. 3 . The thin films with known thicknesses were made of SiO 2 film covered on Si plate. The evaluated ellipsometric parameters Ψ and Δ were well agreed with the theoretical results that calculated using a 3-layer model with an air/SiO 2 /Si layer structure as shown in Fig. 3a and b. 
Conclusion
In the present study, we proposed a concept of a material evaluation method employing DCS, and provided a proofof-principle demonstration of DCSE by using a high-order quarter waveplate and a thin film standard. We expected that our method will be a powerful tool for material science beyond the conventional limit of spectral resolution.
